Fluorochrome sequential labelling of mineralizing tissues is commonly used in different fields of clinical and basic research. Recently we improved polychrome fluorescent sequential labelling of bone by applying spectral image analysis to discriminate seven different fluorochromes. Although basic mineralization processes of bone and teeth follow comparable principles, the respective tissues differ in terms of matrix composition and mineral assembly.
Introduction
The technique of fluorochrome sequential labelling using calcium-binding fluorescent dyes is widely used for addressing different questions concerning the process of mineralization. In teeth it is used to investigate biological rhythms (Smith, 2006) , rates of mineralization (Dean, 2000) , chronological development and individual age , or pulpal response on external influences (Springer et al. 2005) . The general limitation of this technique, however, lies in the problematic demarcation of overlapping colours as well as in the distinction of more than four different fluorochromes (Harris, 1960; Roldan et al. 2004) . In a recent study we were able to overcome several limitations in polychrome sequential labelling of bone by applying spectral image analysis. More detailed information regarding bone accretion could be obtained and a higher number of different fluorochromes could be used in a shorter time interval application scheme as a result of superior colour discrimination (Pautke et al. 2005) . Although the mineralization processes and matrix formation of teeth and bone are comparable, these tissues differ in many aspects.
Unlike bone, teeth are composed of three different mineralizing tissues: enamel, dentine and cementum.
Whereas enamel formation is controlled by ameloblasts, which are specialized epithelial cells from the ectoderm, dentin and cementum are formed by neural crest-derived ectomesenchymal cells known as odontoblasts and cementoblasts, respectively (Dean, 2000; McCollum & Sharpe, 2001 ). Owing to its high mineral content, the deposited enamel is the hardest tissue in the body.
Cementum and in particular dentine resemble bone in terms of hardness and mineral content, but the molecular composition as well as the protein and apatite assembly of bone and dentine differ significantly (Butler et al. 2002; Smith, 2006) . Furthermore, dentine and enamel do not contain cells but only cell processes of the odontoblasts. Consequently, the remodelling of these tissues is not comparable with that of bone and minor mineralization disturbances, such as the application of fluorochromes, lead to structural irregularities in the acellular dental structures that are detectable even years later (Smith, 2006) . This is not the case in bone because of its continuous remodelling. Given the above, insights into sequential bone labelling cannot simply be correlated to the labelling of teeth. Therefore, in this technical approach, the first aim was to investigate the feasibility and use of polychrome labelling in combination with spectral image analysis for different dental structures. The second aim was to improve the accuracy of the investigation of mineralization processes to define better the influences of external factors -such as the application of fluorochromes -on mineralization disturbances in particular on dentine. Details of the principle of the Sagnac-type interferometer have been published elsewhere (Schieker et al. 2004; Pautke et al. 2005) . Briefly, the fluorescence emission spectra are split in the interferometer by a dichromatic filter in different directions and recombined by reflecting mirrors at the exit. As a result the different spectra reveal an optical path difference (OPD), which is caused by the different optical pathways for non-zero angles. The visible spectral region is analysed by applying the Fourier technique and by synchronizing the recording of successive charge-coupled device (CCD) frames with the steps of the motor used to rotate the collimated beam, so that the instantaneous OPD is known for every pixel in every recorded frame. By this technique wavelength ranges of 10 nm and less can be distinguished (Malik et al. 1996) . SpectraView software (ASI) enabled image analysis with linear unmixing based on decomposition of the image in its pure spectral components. The data acquisition time for each spectral image was dependent on the field of view and ranged between 120 and 150 s.
Materials and methods

Fluorochrome application
Results
In teeth dentine in particular exhibited a strong fluorescence signal whereas enamel revealed only weak fluorescent signal (Fig. 1c,d) . (Fig. 1h,I ,k).
In different areas of the investigated specimens, the distances between the fluorescent bands were different, but the relative values were constant (Fig. 1c,g ). Distances between the xylenol orange and the calcein band or between the calcein and the alizarin complexone band in the displayed region in Fig. 1(c) were 10.7 vs. 9.7 µ m (ratio 1.1). The respective values in Fig. 1(f) were 5.4 vs.
4.9 µ m (ratio 1.1).
Spectral image acquisition resulted in a higher sensitivity compared with conventional digital images: under identical conditions the weak fluorescent signal of hematoporphyrin in dentine was hardly visible in conventional images but reproducibly detectable using spectral image acquisition (Fig. 1e-g ). In addition, single representation of similar colours such as red and orange or yellow and green was not possible by conventional image acquisition even if different filter sets were used (Fig. 1e,f) .
Discussion
Hard tissue mineralization processes can be visualized and analysed by the technique of polychrome sequential labelling. By applying calcium-chelating fluorescent dyes, the area of active mineralization is labelled (Frost et al. 1961; Jee, 2005; Smith, 2006) . This technique, however, is limited in terms of colour discrimination using conventional image analysis and different filter sets.
Consequently, the investigation of microstructures in particular is restricted in areas of overlapping fluorochromes, because different colours cannot be unmixed or depicted without interference. This is a crucial drawback of this method. The sophisticated technique of spectral image analysis contributes greatly to the investigation of mineralizing tissues and the advantages for the sequential labelling of bone have recently been presented (Pautke et al. 2005) . In this study, we demonstrate the improvements for the analysis of different dental structures. In rodents, odontogenesis is different to that in humans as enamel formation in human teeth is termin- (Rahn & Perren, 1972; Smith, 2006) . This phenomenon is due to the fact that apatite deposition and assembly are different to that of dentine, so that the increment lines of enamel cannot be properly visualized by sequential fluorescence labelling (Smith, 2006) . Unlike enamel, dentine showed strong fluorescence bands.
The mineralization of teeth is altered by different factors such as biological rhythms (Smith, 2006) , age , and external influences like caries or trauma (Springer et al. 2005) , hormonal (Kitahara et al. 2002) or vitamin changes (Sakamoto & Takano, 2005) . The mineralization of teeth is affected more than bone because bone undergoes permanent remodelling. Consequently, fluorochromes may lead to a permanent discoloration of teeth when administered too early in children. This has to be considered in particular for tetracycline derivates, which are the only fluorochromes approved for human application (Sanchez et al. 2004) .
The extent of labelling of the mineralizing region is dependent, among other factors, on the fluorochromes more slowly result in a broader fluorescent band, because they are incorporated over a longer time period. Fluorochromes exhibiting a high calcium affinity label a broader fluorescent band. These effects could be shown for calcein, which exhibited the broadest fluorescent band despite the lowest application dose.
The binding of calcium by the fluorochromes inhibits the mineralization processes. This is demonstrated in dentine, where the width of the following fluorescent band after a fluorochrome with a high calcium affinity, such as calcein, is reduced.
However, using conventional techniques, e.g. different fluorescent filter sets, these effects cannot be investigated, because no colour discrimination and single depiction of similar colours such as yellow, green or orange is clearly possible. The superior sensitivity of spectral image analysis in comparison with conventional fluorescence microscopy improved the analysis of mineralizing processes in different ways: the dose of the applied fluorochromes could be reduced (Pautke et al. 2005 ) so that the negative effects on the mineralization mentioned above may be minimized. Furthermore, toxic side-effects may be reduced; this is of particular interest with regard to the fluorochromes hematoporphyrin (Solheim, 1974) and alizarin complexone (Harris, 1960) in further animal studies. With increasing sensitivity, thinner tissue sections could be investigated and the time period for fluorescence analysis could be extended (Pautke et al. 2005 ).
Therefore, we conclude that the technique of polychrome sequential labelling in combination with spectral image analysis offers great advantages for the detailed investigation of teeth, in particular for the analysis of the mineralization of dental microstructures as well as influences of external factors such as fluorochromes.
